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[bookmark: _Ref465963108]Introduction
In RAN plenary #94e, the work item on MIMO Evolution for Downlink and Uplink was approved [1]. One of the main objectives of the work item is enabling 8 Tx UL transmission, which is listed as below
5. Study, and if justified, specify UL DMRS, SRS, SRI, and TPMI (including codebook) enhancements to enable 8 Tx UL operation to support 4 and more layers per UE in UL targeting CPE/FWA/vehicle/Industrial devices
· Note: Potential restrictions on the scope of this objective (including coherence assumption, full/non-full power modes) will be identified as part of the study.

In this contribution, the schemes to support enhancement for 8 Tx UL transmissions are discussed. 
[bookmark: _Ref525738522][bookmark: _Ref471731770][bookmark: _Ref462669569]8 Tx codebook based PUSCH
In Rel-15, a full coherent 4 Tx UE can be configured with full+partial+non-coherent precoder codebooks, i.e., Ng=1, 2, 4. A partial coherent 4 Tx UE can be configured with partial+non-coherent precoder codebook, i.e., Ng=2, 4. A noncoherent UE can only be configured with non-coherent precoder codebook, i.e., Ng=4. 
Now, in Rel-18, specification includes 4 different Ng, i.e., Ng=1, 2, 4, 8. The way to define supported precoder codebook can be quite complicated. This issue was discussed in RAN1#113, with the following agreement to simplify Rel-18 codebook configuration.Agreement
For an 8TX UE, Option 1 is supported,
· Option 1 – Subject to its capability, an 8TX UE may report more than one Ng value, based on which, gNB may RRC configure UE with a codebook corresponding to only one of the supported Ng values.


 
[bookmark: _Ref111138886][bookmark: _Ref101796887]Full coherent precoders with 8 Tx
Design of fully coherent Tx codebook 
[bookmark: _Ref118401893]Duplicated precoders in current 8Tx full coherent codebook
For 8 Tx fully coherent codebook, it was agreed to use DL type I codebook as a starting point. Agreement
For a fully coherent uplink precoding by an 8TX UE, 
 Support NR Rel-15 single panel DL Type I codebook as the starting point for design of the codebook
o FFS: For a constructed codebook with size M based on above method, unless ; otherwise, round up the codebook size to the smallest integer  by adding  precoders generated via Alt 2a. 
 No LS to RAN4 will be needed


However, there is a caveat in Rel-15 single panel DL type I codebook. The caveat is that duplicated precoders exists in the codebook for rank 4 and rank 8. We identified those duplicated precoders in the codebook that editor added in TS 38.211 Rel-18 specification. In the following tables, the precoders highlighted in a same colour are duplications of a same codebook, with switching of column. However, it is a common knowledge that switching columns of a matrix does not change the matrix essentially. Therefore, those precoders in a same colour are essential the same precoder.  
The # of redundant precoders for both type B and type C are summarized in the below tables.
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	N1=4, N2=1

	Rank
	# precoders w/ repetition
	# Unique precoders
	# redundant precoders

	Rank 1
	16
	16
	0

	Rank 2
	32
	32
	0

	Rank 3
	24
	24
	0

	Rank 4
	24
	12
	12

	Rank 5
	8
	8
	0

	Rank 6
	8
	8
	0

	Rank 7
	4
	4
	0

	Rank 8
	4
	3
	1

	Sum
	120
	107
	13



	
	N1=2, N2=2

	Rank
	# precoders w/ repetition
	Unique precoders
	# redundant precoders

	Rank 1
	16
	16
	0

	Rank 2
	32
	32
	0

	Rank 3
	24
	24
	0

	Rank 4
	24
	12
	12

	Rank 5
	8
	8
	0

	Rank 6
	8
	8
	0

	Rank 7
	8
	8
	0

	Rank 8
	8
	3
	5

	Sum
	128
	111
	17



As we can see, 10% of the precoders in current codebook is redundant. Specifically, 13 out of 120 for (N1=4, N2=1) and 17 out of 128 for (N1=2, N2=2) are redundant precoders. Those redundant precoders waste the 10% of codepoints with the 7 bits in DCI and contribute 0% to the system. They should be removed and replaced with other precoders, i.e., nonDFT precoders which are robust to phase misalignment, to improve the system performance, without increasing number of bits in DCI. 


Table 6.3.1.5-12: Precoding matrix  type B with one antenna group for four-layer transmission using eight antenna ports with transform precoding disabled.
	TPMI index
	(ordered from left to right in increasing order of TPMI index)

	0 – 3
	
	
	
	

	4 – 7
	
	
	
	

	8 – 11
	
	
	
	

	12 – 15
	
	
	
	

	16 – 19
	
	
	
	

	20 – 23
	
	
	
	



Table 6.3.1.5-16: Precoding matrix  type B with one antenna group for eight-layer transmission using eight antenna ports with transform precoding disabled. 
	TPMI index
	(ordered from left to right in increasing order of TPMI index)

	0 – 1
	
	

	2 – 3
	
	



Table 6.3.1.5-20: Precoding matrix  type C with one antenna group for four-layer transmission using eight antenna ports with transform precoding disabled.
	TPMI index
	(ordered from left to right in increasing order of TPMI index)

	0 – 3
	
	
	
	

	4 – 7
	
	
	
	

	8 – 11
	
	
	
	

	12 – 15
	
	
	
	

	16 – 19
	
	
	
	

	20 – 23
	
	
	
	




Table 6.3.1.5-24: Precoding matrix  type C with one antenna group for eight-layer transmission using eight antenna ports with transform precoding disabled. 
	TPMI index
	(ordered from left to right in increasing order of TPMI index)

	0 – 1
	
	

	2 – 3
	
	

	4 – 5
	
	

	6 – 7
	
	



Phase error impact to current 8 Tx full coherent codebook
In systems that employ antenna arrays, there are two kinds of mismatches among antennas:
· Mismatches due to the physical antenna system/structure: these include the effects of mutual coupling, tower effects, imperfect knowledge of the element locations, and amplitude and phase mismatches due to antenna cabling
· Mismatches due to hardware elements in each antenna TX/RX chain. These include analog filters, I and Q imbalance, phase and gain mismatch of LNA/PA on the chains, different nonlinearity effects, etc.
Without these mismatches (which is in an ideal world), one knows that the phase of Tx waveform from the antenna array perfectly follow a linear phase ramp as the following

where  is the transmitted signal and  is the linear phase ramp with  being the antenna index and  being the distance between two adjacent antennas. With this nice phase ramp property, DFT codebook is suitable for the antenna array without the above phase mismatches, because one can always quantize the linear phase ramp of an antenna array to the nearest DFT vector. As illustrated in Fig 1, the phase ramp factor of the antenna array is 0.55n, which is quantized to the DFT vector with phase ramp 0.5n.  
[image: Chart
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[bookmark: _Ref115208931]Fig 1: illustrate of linear phase of 4 Tx with phase calibrated (no phase error)
With mismatch as mentioned above (which is in a real world), random phase error would be introduced in antenna arrays. With random phase error, as illustrated in Fig 2, given the phase of the 4 Tx in one polarization become [0, 0.95], it is not appropriate to quantize the phase of the 4Tx to any DFT vector due to the large quantization error. One should notice that even DFT oversampling can not solve this issue, as each oversampled DFT vector still requires linear phase, which cannot fit the nonlinear phase ramp 4 Tx. Therefore, DFT codebook is not a good choice for Tx without phase calibration. On the other hand, a non-DFT codebook, such as Rel-15 4 Tx UL codebook, is suitable for the 4 Tx with nonlinear phase due to uncalibrated error. The reason is because, for example, with rank 1 precoding, Rel-15 4 Tx precoders has 16 precoders, each of them naturally maintains a nonlinear phase ramp. Actually, in the following example, the best rank 1 precoder in Rel-15 4 Tx UL codebook that matches with the phases of the 4 Tx in this example is TPMI 23 [1, -1, -j, j]^T. With a relatively “rich” codepoints with nonlinear phase ramp, e.g., 16 precoders for rank 1, Rel-15 4 Tx UL codebook nicely span the whole space of the 4 Tx phases. Therefore, it is a better choice than DFT codebook.  
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[bookmark: _Ref115209274]Fig 2: illustrate of nonlinear phase of 4 Tx with random phase error
Regarding the range of the phase offset/error, based on current RAN4 specification 38.101 Section 6.4D.3 (copied as below), the phase offset/error across different Tx chain is [-]. The reason is because 4GHz RF frequency is corresponding to 0.25ns waveform duration, which means that [-0.125ns, 0.125ns] would already correspond to phase error [-]. Therefore, +/-130 ns would create [-] phase error, which after wrap around is [-]. Any phase error range that smaller than [-] would need pico seconds level TAE requirement, which does not exist in today’s RAN4 specification. [bookmark: _Toc21344346]6.4D.3        Time alignment error for UL MIMO
For UE(s) with multiple transmit antenna connectors supporting UL MIMO, this requirement applies to frame timing differences between transmissions on multiple transmit antenna connectors in the closed-loop spatial multiplexing scheme.
The time alignment error (TAE) is defined as the average frame timing difference between any two transmissions on different transmit antenna connectors.
For UE(s) with multiple transmit antenna connectors, the Time Alignment Error (TAE) shall not exceed 130 ns.

Hybrid codebook (mixture of DFT and non-DFT precoders)
Based on the discussion of impact of phase offset/error in Section 2.1.2.1, one can expect that a DFT codebook would performance well in case of no phase error or small phase error, while a non-DFT codebook would performance well in case of large phase error. Therefore, one more reasonable solution is constructing a hybrid codebook which includes precoders from both DFT and non-DFT codebooks. For example, as illustrated in Fig 3, we can take codebook originally based Alt 1b, removing the precoders with oversampling, then add some nonDFT precoders generated based on Alt 2a. It is expected that the added nonDFT precoders should be able to improve the performance of the codebook in case of large phase error/offset. 
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[bookmark: _Ref118402952]Fig 3: Principle of hybrid codebook (DFT + nonDFT precoders)
As an acknowledge of the above design principle, the following agreement was agreed in RAN1#111. Based on the agreement, a DFT precoder codebook (NR Rel-15 single panel DL Type I codebook) is adopted as the “backbone” for 8Tx coherent codebook, while non-DFT precoders can be added as “supplemental” precoders into the codebook.
The above agreement only decides that on high level, NR Rel-15 single panel DL Type I codebook is the starting point, denoted as DFT subcodebook, for designing 8 Tx coherent codebook. The details of the DFT subcodebook is still open, which needs to be settled. Agreement
For a fully coherent uplink precoding by an 8TX UE, 
 Support NR Rel-15 single panel DL Type I codebook as the starting point for design of the codebook
o FFS: For a constructed codebook with size M based on above method, unless ; otherwise, round up the codebook size to the smallest integer  by adding  precoders generated via Alt 2a. 
 No LS to RAN4 will be needed


One open issue of the DFT subcodebook design is the number of DFT precoders for each rank. There are basically two approaches to resolve this open issue. 
· Approach 1: strictly follow Rel-15 single panel DL type 1 codebook for each rank.
· Approach 2: Fine-tuning the number of precoders for each rank, while using Rel-15 single panel DL type 1 codebook as starting point.
It is admitted that approach 1 seems the most straightforward approach. However, based on further study on DFT subcodebook, it is found that approach 2 is the more reasonable approach from technical perspective, with details provided in the next section. 
Performance comparison of different codebooks
In the following, we show the performance of hybrid codebook is better than Alt 1b (pure DFT codebook). The key simulation assumptions for the performance evaluation are listed in Table 1. 
[bookmark: _Ref115345059]Table 1: UL 8Tx SLS Assumptions
	Parameter
	Value

	Scenario
	Outdoor FWA (38.901): UMa (ISD = 500 m), 100% Outdoor, 3Km/h

	Carrier frequency
	3.5 GHz

	Simulation BW
	20MHz

	gNB antenna array
	(8,8,2,1,1,4,8) with (𝑑H, 𝑑V) = (0.5, 0.8)𝜆

	UE max Tx power
	32 dBm (FWA, 38.101)

	UE antenna layout
	(M, N, P) = (1,4,2) for ULA
Antenna elements are spaced by 0.5λ, cross-polarized (0/+90 deg)

	UE antenna pattern
	8 dBi, 65° HPBW (Outdoor FWA)

	Traffic Models
	Full buffer

	Modulation
	Up to 256-QAM

	Power control
	Open loop, 
-    alpha = 0.8
-    P0 = -80 dBm  

	Phase offset range
	Phase Error ~ 𝑈 [ −θ, θ], θ = 0°, 45°, 90°, 135°, 180°

	UL codebook 
	Alt 1b (pure DFT CB with size 120)
Hybrid CB (DFT CB size 120 + 8 nonDFT precoders) 
Hybrid CB (DFT CB size 80+48 nonDFT precoders)



For ULA layout, with N1=4 and N2=1, a pure DFT codebook can be constructed as the following Table 2. Within this table, for each rank, Rel-15 spec for DL type 1 single panel CB mode 1 is followed, without reducing the number of precoders for any rank.  
[bookmark: _Ref127218591]Table 2: UL 8Tx size 120 CB (pureDFT precoders) for ULA (N1=4, N2=1) layout
	Rank
	# precoders 
	Notes of codebook construction method

	Rank 1
	16
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 

	Rank 2
	32
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  

	Rank 3
	24
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  ,1,2

	Rank 4
	24
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  

	Rank 5
	8
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 

	Rank 6
	8
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 

	Rank 7
	4
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 

	Rank 8
	4
	CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 

	Sum
	120
	



Obviously, the above constructed codebook only has size 120. It can be supplemented with 8 nonDFT precoders, otherwise the 8 codepoints are wasted, as there are anyway 7 bits to signal a codebook with size 120. Based on simulation results and observed rank distribution, it is found that adding the 8 nonDFT precoders to rank 2, as shown in the following Table 3, can optimize the codebook performance.   
The method for selecting   nonDFT precoders generated via Alt 2a is illustrated as follows. Suppose we need add  nonDFT precoders to rank-2 to supplement the 32 DFT rank-2 precoders. Now, to optimize the performance of the hybrid codebook, the goal is to select the best 8 precoders from a rank-2 precoder set generated via Alt 2a, with a criterion that the selected nonDFT precoders should cover the space that cannot be covered by the DFT precoders. Since the size of CB set via Alt2a is large, it is difficult to jointly select 8 precoders in one shot. Alternatively, a suboptimal method is utilized to choose the 8 nonDFT precoder. Based on the existing 32 rank-2 DFT precoders, we first select one rank-2 nonDFT precoder from the Alt2a CB set and add it into the DFT precoder set. The rule for picking up the nonDFT precoder is targeting to maximize the minimal chordal distance between the new added precoder and all of the existing precoders in the set. We repeat the above procedure and add nonDFT precoders one by one until all the 8 rank-2 nonDFT precoders are added into the hybrid codebook. 
Based on the above method, we construct the hybrid CB (120 DFT precoders + 8 nonDFT precoders) by adding the 8 nonDFT precoders to rank 2 as shown in Table 3.
[bookmark: _Ref127218744]Table 3:  UL 8Tx size 128 hybrid CB (120 DFT precoders + 8 nonDFT precoders) for ULA (N1=4, N2=1) layout
	Rank
	# precoders 
	Constructed Hybrid codebook

	
	
	DFT precoders
	NonDFT precoders

	Rank 1
	16
	Size 16:  CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0

	Rank 2
	40
	Size 32: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  
	Size 8:
       

	Rank 3
	24
	Size 24: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  
	Size 0:


	Rank 4
	24
	Size 24: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  
	Size 0:
 

	Rank 5
	8
	Size 8: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0

	Rank 6
	8
	Size 8: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0: 

	Rank 7
	4
	Size 4: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0: 

	Rank 8
	4
	Size 4: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0: 

	Sum
	128
	120
	8



Furthermore, we can remove the redundant DFT precoders for rank 4 and rank 8, and replace them by nonDFT precoders. With this approach, we can add in total 21 nonDFT precoders into the codebook, while keep the codebook size of 128. The added nonDFT precoders are listed in following Table 4. 
[bookmark: _Ref142499306]Table 4:  UL 8Tx size 128 hybrid CB (107 DFT precoders + 21 nonDFT precoders) for ULA (N1=4, N2=1) layout
	Rank
	# precoders 
	Constructed Hybrid codebook

	
	
	DFT precoders
	NonDFT precoders

	Rank 1
	16
	Size 16:  CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0

	Rank 2
	47
	Size 32: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  
	Size 15:
               


	Rank 3
	27
	Size 24: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  
	Size 3:
 

	Rank 4
	15
	Size 12: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, ,  
	Size 3:
   

	Rank 5
	8
	Size 8: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0

	Rank 6
	8
	Size 8: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0: 

	Rank 7
	4
	Size 4: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0: 

	Rank 8
	3
	Size 3: CodebookMode=1, N1=4, N2=1, O1=1, O2=1, 
	Size 0: 

	Sum
	128
	107
	21



[bookmark: _Ref142500025]Table 5:  UL 8Tx size 128 hybrid CB (111 DFT precoders + 17 nonDFT precoders) for UPA (N1=2, N2=2) layout
	Rank
	# precoders 
	Constructed Hybrid codebook

	
	
	DFT precoders
	NonDFT precoders

	Rank 1
	16
	Size 16:  CodebookMode=1, N1=2, N2=2, O1=1, O2=1, 
	Size 0

	Rank 2
	45
	Size 32: CodebookMode=1, N1=2, N2=2, O1=1, O2=1, ,  
	Size 13:
             


	Rank 3
	26
	Size 24: CodebookMode=1, N1=2, N2=2, O1=1, O2=1, ,  
	Size 2:


	Rank 4
	14
	Size 12: CodebookMode=1, N1=2, N2=2, O1=1, O2=1, ,  
	Size 2:
  

	Rank 5
	8
	Size 8: CodebookMode=1, N1=2, N2=2, O1=1, O2=1, 
	Size 0

	Rank 6
	8
	Size 8: CodebookMode=1, N1=2, N2=2, O1=1, O2=1, 
	Size 0: 

	Rank 7
	8
	Size 8: CodebookMode=1, N1=2, N2=2, O1=1, O2=1, 
	Size 0: 

	Rank 8
	3
	Size 3: CodebookMode=1, N1=2, N2=2, O1=1, O2=1, 
	Size 0: 

	Sum
	128
	111
	17



In the following, the performance of the following three codebooks for (N1=4, N2=1) are compared.
· CB1: pure DFT CB in specification with 120 DFT precoders including the redundant precoders.
· CB2: hybrid CB with 120 DFT precoders (including redundant precoders) + 8 nonDFT precoders in Table 3.
· CB3: hybrid CB with 107 DFT precoders (excluding redundant precoders) + 21 nonDFT precoders in Table 4.
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Fig 4: Outdoor FWA performance comparison between different CBs with ULA layout.
In the following, the performance of the following two codebooks for (N1=2, N2=2) are compared.
· CB4: pure DFT CB in specification with 128 DFT precoders including the redundant precoders.
· CB5: hybrid CB with 111 DFT precoders (including redundant precoders) + 17 nonDFT precoders in Table 5.
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Fig 5: Outdoor FWA performance comparison between different CBs with UPA layout.
Based on the above simulation result, noticeable gain is observed by adding nonDFT precoders into the codebook, while still keeping 7 bits in DCI to signal the precoder. Given the gain is “free” without any extra cost on DCI overhead, we think the minimum RAN1 should do is filling those  “wasted” codepoint with nonDFT precoders. The value of M is summarized as below. 
	
	#precoders in current spec
	# redundant precoders in current spec
	Gap to codebook size 128 

	(N1=4, N2=1)
	120
	13
	21

	(N1=2, N2=2)
	128
	17
	17


Proposal 1: Adopt the following update to 8Tx full coherent codebook
· Remove the 13 redundant precoders in 8 TX fully coherent codebook with (N1=4, N2=1). Add 21 nonDFT precoders to the codebook as in Table 4. 
· Remove the 17 redundant precoders in 8 TX fully coherent codebook with (N1=2, N2=2). Add 17 nonDFT precoders to the codebook as in Table 5. 
[bookmark: _Ref101948649][bookmark: _Ref463027406][bookmark: _Ref465963195][bookmark: _Ref466040522][bookmark: _Ref378529477][bookmark: _Toc424303267][bookmark: _Toc425248865][bookmark: _Toc425344835][bookmark: _Toc425350726][bookmark: _Toc425501584][bookmark: _Toc425504168][bookmark: _Ref525738606][bookmark: _Ref7626308][bookmark: _Ref21100018]8 Tx full power UL transmission
In RAN1 #114, most of the full power mode 1 precoders are defined, except for noncoherent 8 Tx with rank 4.  
Proposal 2: For 8 Tx noncoherent codebook with rank 4, introduce the following precoders for full power mode 1.
· 

Conclusions
In summary, we have the following proposals for 8 Tx UL transmission for Rel-18 MIMO evolution. 
Proposal 1: Adopt the following update to 8Tx full coherent codebook
· Remove the 13 redundant precoders in 8 TX fully coherent codebook with (N1=4, N2=1). Add 21 nonDFT precoders to the codebook as in Table 4. 
· Remove the 16 redundant precoders in 8 TX fully coherent codebook with (N1=2, N2=2). Add 17 nonDFT precoders to the codebook as in Table 5. 

Proposal 2: For 8 Tx noncoherent codebook with rank 4, introduce the following precoders for full power mode 1.
· 
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